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NOMENCLATURE

Q

— . .
The symbols and units litced below are used

in the figures,

done, the appropriate units are indicated.

Latin Letter .Symbols

Simple Latin Letter Symbols

Symbol Quantity

A Area

C A constant (C = 2% p511)
_ n

c A constant (¢ = fNRo )

D Diameter

E Modulus of elasticity

f Friction factor

Mass velocity (mass flow
rate per unit flow area)

ol
@

g Acceleration due to gravity
h Heat transfer coefficient
‘ k Thermal conductivity
Length
Pressure

-x1-
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tables, or in the written text.

. .
2ll derivations.

The symbols listed below are occasionally used with other units

Whenever this is

Units

ft2

Dimensionless
Dimensionless
ft.

2
1bf/ft
Dimensionless

1,bm/hr-ft2

8 £t /nre

Btu/hr-ft° °OF

Btu/hr-t° °F

4,17 x 10

ft
2
1bf/ft




Symbol

a 3 8

<

Composit Latin

NOMENCLATURE (Continued)

Quantity

Power

Rate of heat flow
Radius of pipe
Area of i1nsulation
Temperature

Overall heat transfer
coefficient

Velocity

Mass flow rate

Thickness of insulation
Flowing mass quality (x =
Radial distance from the

tube wall (y = ro—r)

Letter Symbols

Symbol

BOP

Quantity
Boiller exit pressure

Constant pressure specific
heat

Conversion factor

Cycles to failure

)

Nusselt number (NNu = T;Q

Peclet number (NPe = GDCP)
m

Percent reduction in area
at failure

-xii-
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Units
Btu
Btu/hr
£t

£1°

Op

O

Btu/hr-ft F

ft/hr

1bm/hr

f't
Dimensionless

£t

Units
pisila

Btu/1b,° F

4,17 x 10 =
’ 1bf hr

Dimensionless

Dimensionless

Dimensilonless

Dimensionless

8 ft lbm
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NOMENCLATURE (Continued)

Greek Letter Symbols

Simple Greek Letter Symbols

Symbol

TW

@}

= b

Quantity

Mass flow rate of liquid

per unit circumference
(T = (1-x) W/mD)

At Ay
Liquid film thickness
Finite difference

Dynamic viscosity

Kinematic viscosity or
momentum diffusivity

Denotes the average value (If the quantity is
is used)

Denotes the experimentally determined two phase

p Mass density
Composite Greek Letter Symbols
Symbol Quantity
6‘ . Fracture ductility
fail

6 D Plastic strain

6a Elastically computed stress

Ge Endurance 1imit or fatigue
strength at 107 cycles

Al Temperature drop associated
with vapor heat transfer
resistance (Al = ’I‘g-Tf at y

subscripts

Symbol Explanation

ar or
already subscripted a ™

B Boiling

BW Boiler Wall

bott Below the heater plate

E
multiplier.

elect Electrical  -xiii=-

Units

1bm/hr—ft

't
Dimensionless
1bm/hr—ft

££2 /hr

)
1bm/ft

Units
Dimensionless
Dimensionless

2
1bf/ft

2
1bf/ft

Op

6)



mom

NA

nb

OB

PRI

Sat

SC

TPF

th

NOMENCILATURE (Continued

Explanation

Refers to the saturated 1liquild

Refers to the saturated vapor

Refers to a homogeneous mixture property
Indide or inlet

Potassium

Liquid Potassium

Liguid phase

Ligquid head

Measured value

Momentum

Sodium

Exponent of the Reynolds number in the friction
factor equation
d (£ = c/Ng ")

Nucleate bolling

Refers to an all ligquid reference state
Overall boiling

Qutside or outlet

Denotes the predicted two-phase multiplier
Primary

Saturation

Subcooled

Total

Two-phase friction

Transition boiling

Wall

-Xiv=-
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I. SUMMARY

F. E. Tippets

This program 1s belng conducted for the National Aeronautics
and Space Administration under Contract NAS 3-2528 to obtain
two-phase heat transfer and fluild flow data for potassium under
conditlons of bolling and condensing approximating those anti-
clpated in large space turboelectric systems. Test equlpment
development, materials studles and theoretical analysls related
to the experimental work are conducted as a support effort. The
following items summarize the work performed during the quarter

ending June 30, 1964,

500 KW Project

Testing in the 300 KW facllity was resumed in May followilng
cleaning and malntenance work described in Sectlion V of this
report. Testling ébntinued untll shutdown due to equlpment faillures
on May 27. Since the required repalrs are not major, 1t 1s expected
that testing wlll resume early in the next reporting perlod. The
remaining tests planned wlth the presently 1nstalled 2-inch pitch
helical insert should be completed early in July, after which

testing with a 5,5-inch pltch hellical insert 1s planned to start.



Reduction of the data obtained during the reporting period 1is
in progress., Previously unreported boiling and liguid-1liquid data

taken during 1963 are presented herein.

100 KW Project

Test operation in the 100 KW facility continued throughout
April without a major shutdown. The facility was shutdown on
May 1 upon completion of planned test runs and in preparation
for the loop modification. Modification of the loop, to increase
the range of experimental variables which can be tested, 1s in
progress. 1t is estimated that the modification will be completed

and test operation resumed in early August.

Previously unreported liquid data taken in 1964 and the boil-
ing data taken during the present quarter are presented hereln.
More Na liquid data obtained in November 1962 will be reported in

Quarterly Progress Report No. 9.

50 KW Project

Except for attempted start-up operations in April and June,
the 50 KW facility has been shut down for repairs and equipment
installation throughout the quarter (Sections IV and V). A new
helical induction pump is currently being installed. Other loop
repairs, including repair of the presently installed test section,

have been completed.

A new nickel test section which uses drilled thermocouple holes,
rather than the current slotted and brazed thermocouple hole design,

is being fabricated. It is planned to perform loop shakedown and

-2~
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initial test operation early in the next quarter using the pre-
sently installed slotted type test sectlon. The new drilled type

test section .is expected to be available for installation by the

end of July.

Previously.unreported liquid-liquld data taken durilng 1963 are

presented herein.

Facilities, Instrumentation and Materials Support

Detailed accountings of supporting work conducted throughout
the quarter in the areas of facilities maintenance and repair,
instrumentation, and materials are given in Sections V, VI and

VII, respectilvely.

Analysis

Development of an analytical prediction of two-phase pressure
drop for potassium 1s presented in Section VIII, together with

comparisons with test data from the 50 KW and 300 KW facilitiles.

Pool Boiling Investigation

The effort during this quarter was directed primarily toward
determination of the overall heat losses for the pool boiling
apparatus. Start of test operation was delayed due to a leak 1in
the heater chamber. Thils leak has been repaired and 1t 1is planned

to start test operation during the next quarter.



IT. %00 KW PROJECT

J. R. Peterson

The 300 KW facllity 1s used to obtaln potassium boiling and
condensing heat transfer data. Both the bolling and condensing
test sectlons are controlled temperature types, l.e., the temp-
eratures of the heat transfer flulds rather than the surface heat
transfer are controlled. Reference 1 presents a detailed des-

cription of the facility.

Both liguid-liquid and boiling data were obtained during this
reporting period with the 1.0-inch nominal diameter L-605 boiler
tube containing a 2.0-inch pitch helical insert. Effort was also

devoted to reduction and evaluation of previously reported data.

Status of Lobp and Test Section

Liquid metal testing in the 300 KW facility was initiated on
May 6, 1964 following cleaning and maintenance procedures described
in Section V of this report, Boilling operation commenced May 19
after the neéessafy liquid-liquid data were obtained. Boilling data
were obtained until May 27, when testing was terminated by failure
of an unused loop 1nstrumentation site which caught fire. 8Six hundred

and thirtr-five hours of operation above 8000 were accumulated thigs



quarter, including 201 hours of bolling operation. Total loop
operating time above 800°F at the end of the reporting period was

2835 hours. A total of 75 bolling runs and 18 liquid-liquid runs

were made during the current quarterly period.

The fallure caused only minor damage to the loop. The resulting
fire, however, destroyed several instrumentation cables, the replace-
ment of which required two weeks. The downtime was used to 1lnstall
new boiler pressure drop instrumentation, described in detail in

Section VI of this report.

Upon startup after repairs, a failure of the potassium dump
line valve bellows occurred. The bellows will be replaced wlth
stainless steel rather than L-605. The operating temperature of
this particular bellows 1s low enough to permit the use of the
less brittle stainless steel, which should increase the reliablility
of the valve. The required repalrs are not major and it 1s expected

that testing will resume early 1n the next reporting period.

Status of Data Reduction

Previously unreported transient bolling and liquid-liquid data
are presented. The data are tabulated and discussed accordlng to
the time period in which they were obtained. The same computational
ppocedures used for data previously reported for the several time

intervals below were used for the data presented herein.

Data Taken During the Period May 10, 1963 through June 28, 1963.

The boiler tube used during this period was the nominal 1.0-inch

diameter Mo-0.5%T1 tube, containing no insert. Some bolling and

-6~




liquid-liguid data recorded during this testing sequence were

obtained during transient conditions. The boiling data obtained

with boiler temperature ftransients of less than 500F per hour

were reported in Reference 2, where the insftrument locations and
calculational procedures current at that time are described. Some

of the boiling data obtained with transients greater than 500F per
hour and all the liquid-liquid data of this time period are presented
in Table A-2 of Appendix A, Table A-1 is a key to the column headings

of Table A-2. The data tabulated cover the following range of

variables:
Sodium flow rate, 1bm/sec 0 - 12.35
Potassium flow rate, lbm/sec 0 - 3,24
Potassium exit temperature, °p 673.7 - 1783.4
Sodium inlet temperature, Op 686.7 - 1857.2
Net heat transferred, Btu/sec 0 - 148.9

Data Taken During the Period August 30, 1963 through September

23, 1963, The boiler tube used during this period was the nominal
1.0-inch diameter Mo-0,5%Ti tube containing a 2.0-inch pitch helical
insert. All the boiling data obtained during this time and ten
liquid-liguid runs were reported in Reference 3, where the instrument
locations and calculational procedures current at that time are
described. Eight additional liquid-liquid points are presented in
Table A-4 of Appendix A. Table A-3 is a key to the column headings
of Table A-4. Several quantities computed for the boiling runs, such
as the vapor quality, vapor velocity, etc., are not appropriate %o

liquid-liquid data and have been deleted from the tabulation. The

-7-



data tabulated for thils time period cover the following range of

variables:
Sodium flow rate, 1bm/sec 1.30 - 14 .24
Potassium flow rate, lbm/sec 0.36 - 1.86
Potassium exit temperature, Op 1085.6 - 1177.4
Sodium inlet temperature, Op 1143.3 - 1181.3
Net heat transferred, Btu/sec 20.5 - 64,2

Data Taken During the Period November 29, 1963 through December

31, 1963. The boiler tube used during this period was the nominal
1.0-inch diameter L-605 boiler tube containing a 2.0-inch pitch
helical insert. All the boiling data obtained during this time
were reported in Reference 4, where instrument locations and
calculational procedures current at that time are described. The
liguid-1liquid data obtained during this period are presented in

Table A-6 of Appendix A. Table A-5 is a key to the column headings

of Table A-6. The data presented were obtained under nearly isothermal

conditions during loop flushing procedures and are not useful for

the computation of heat transfer coefficients. Several quantities

computed for the boiling runs, such as quality, vapor velocity, etc.,

have been deleted from the tabulation. The data tabulated for this

time period cover the following range of variables:

Sodium flow rate, 1bm/sec 0.11 - 13.64
Potassium flow rate, lbm/sec 0.02 - 2.29
Potassium exit temperature, °F 789.4 - 1610.3
Sodium inlet temperature, °F 803.6 - 1623%.9
Net heat transferred, Btu/sec 0 - 9.75

- g-




Status of Data Evaluation

Effort this quarter was directed towards evaluation of the
pressure drop results for boiling potassium obtained during the
last year. Previously reported data for the frictlonal pressure
drop of two-phase potassium in an adlabatlic plpe are compared

with predicted values 1n Section VIII of thls report.

Previously reported pressure drop data (Ref. 3) for bolling
potassium have also been evaluated and are presented in this section
of the report, Two-phase frictional pressure drop multipliers for
potassium bolling in a straight l-inch molybdenum tube containing a
two=inch pitch helical insert have been calculated and are presented
in tabular and graphical form. The bolling potassium pressure
drops. were determined from two absolute slack diaphragm pressure
transducers, and the liquld potassium pressure drops necessary to
calculate the multipliers were obtained by the procedure described

in Reference 4,

The measured boiling potassium pressure drop was corrected for
the momentum pressure drop, the two-phase elevation pressure drop
and the pressure drop due to ligquid head in order to obtain the two
pPhase frictional pressure drop. The two-phase elevation pressure
drop was found to be less than 1% of the total for all runs and was
neglected. The 1liquid head in the boiler above the inlet pressure
gage was 25-inches of potassium for the runs presented. The pressure
drop correctlon due to this liquid head 1s the product of the liquid

head and the liguld density.



The correction for momentum pressure drop was calculated by
the methods described in Reference 3. The prediction for a slip
ratio of 1.0 was used, which 1s expected to slightly over-estimate

the momentum correction.

Table 1 lists the experimental two-phase friction pressure drop
multipliers. It also lists the original pressure drop data as
indicated by the pressure gages, the corrections to the pressure
drop, and the corresponding ligquid phase pressure drop. Also
tabulated are the two phase multipliers predicted by the Martinellil
method, as presented in Figure 19 of this report. The data treated
are labeled in the tabulation according to the date and time at
which they were obtained. These data were first reported in

Reference 3.

The experimental and predicted two-phase multipliers are com-
pared in Figure 1. Seventy percent of the data fall within + 30%
of the Martinelli prediction. These results indicate that the
Martinelli method can be used with some confidence to predict
boiling potassium pressure drop in tubes with inserts. Analysis
directed towards prediction of the effect of twist ratio upon
pressure drop in tubes with helical inserts has been initiated.
When this analysis 1is completed, it will be possible to predict
the effect of insert twist ratio upon bolling potassium pressure
drop. The results of the analysis should be similar fto those shown

in Figure 2, where the experimental values obtained by Seymour inp

testing with air (Ref, 4) for twisted tape inserts are compared with

_10 -




the single value obtalned to date by SPPS for the helical insert.
The water data used to calculate this single point are reported in
Reference 5, The analytical results for helical inserts should
show variation with twist ratio similar to the experimental values

shown for twisted tapes-

Evailuvation of 300 KW bolling data also proceeded during this
reporting period, Results are reported herein for the data obtalned
from 5/10/63 to 6/28/63% with the 0.938-inch ID, 0.090-inch wall
Mo-0.5%T1 boller tube without insert. The data studied were origin-
ally reported In Reference 2, The evaluatlion 1is at present pre-
liminary and only partially complete, but some results are presented
to iIndlcate the type and trend of the heat transfer parameters

obtained.

The sodlum temperature proflles as ;pdicated by the boliler shell
thermocouples for the cases consldered show changes in slopes in
many runs (for example, see Reference 3, Figures 1 through 26)
indicating up to three reglons of heat transfer in the boiler tube.

Sketch (a) shows a typical run, illustrating the data obtained.

T T.. and T, shown on Sketch (a) are

Ki Ko

respectively the measured sodium and potassium boiler inlet and out-

The temperatures TNa

i? "Nao’

let temperatures. The sodlum temperature profile, obtained from
the measured temperature profile, is obtained from the measured

temperatures of the boiler shell thermocouples (TBW),

-11-
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The temperature at which boiling initiates, TKB’ is calculated
from the measured potassium boiler inlet pressure by use of the
potassium vapor pressure curve assuming no pressure drop befween
TKi and TKB* i.e., in the 1liquid region of the boiler. The heat
transferred in the sub-cooled heating region (Qg.) is given by

Equation (1) following,

Qe = Wglx (Tyg = Tgy) (1)

The sodium temperature at boiling initiation (TNaB) is obtained

from the measured sodium outlet temperature (T ) and Qsciby heat

Nao

balance ag follows:

T (2)




Boiling potassium heat transfer coefficients have been computed
from the data illustrated in Sketch (a) for each of the bolling
regions, as well as an average heat transfer coefficient for the
entire bolling region. The calculational procedures used to
obtain each type of heat transfer coefficient presented are sum-

marized 1n separate sections following.

Average Boiling Potassium Heat Transfer Coefficient. Potassium

heat transfer coefficlents averaged over the entire boiling length
(including both nucleate and film boiling regions) can be calculated
without use of the boiler shell thermocouples. The calculational

procedures employed are outlined following.

The average boiling heat flux (§7ﬁ) is equal to the heat trans-
ferred in the boliling region divided by the heat transfer area of
fhe boiling region. The heat transferred in boiling (QB) is the
difference between the total heat transferred (Qpry) and the heat
transferred in the subcooled heating region (QSC). The boiling
heat transfer area (Ap) is equal to the total heat transfer area
(AT) decreased by the heat transfer area in subcooled heating (ASC).
AT is 1,581-—ft2 as calculated from the 67.5-inch heat transfer length
reported in Reference 2 for the no-insert data considered. Liquid
sodium and ligquild potassium heat transfer coefficients are necessary
in order to calculate ASC. Since no experimental values for the
ligquid coefficients have been obtained from the 300 KW facility at
this time, the equations of Lyon as summarized by Lubarsky (Ref. 23)

are used.

-13~-




Age 1s calculated as follows from the liquid coefficlents (hyg and

hKL) and the thermal conductivity of the boiler tube wall (ky)-
-1
" Diln(ggq 1
U =1 - + Di +
oL ,‘“Na ka—i hK (5)
- o (Tyag "Txy) - (Tyap -Tip)
AT, = ( (4)
log, TNao_TKi>
(Tyap~Tkp)
- Q
Age = ic (5)
UoL ATSC

The average heat flux in boiling can now be obtained as follows:

QppT-Q
g/ = eyl = _PRI ‘sc (6)

AT —Asc

The overall heat transfer coefficient for the boiling region can
be calculated from the average heat flux and the average sodium to
potassium temperature difference. The exact manner in which the
average temperature difference should be formulated has not yet been
ascertained. For this preliminary evaluation, the arithmetic average
of the sodium to potassium temperature differences at the beginning
and end of the bolling region 1s employed.

(T - T, ) + (T - To)
ZTbB _ Nai - "Ko NaB KB (7)

2.0
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The average overall bolling heat transfer coefficient (Upg) is
obtained from the average overall bolling temperature difference

(AToB) as follows:

- Y/ (8)

OB =<

Finally, the average potassium heat transfer coefficient for
the boiling region (hy) 1s calculated from Uog @8 shown in Equation
(9). The necessary liquid sodium heat transfer coefficient is

obtained from Lyon's equation for an annulus as discussed before.

OB Na 2 ky

-1
h _ [%1 1 Diln(Do/Dy) (9)

The average boiling potassium heat transfer coefficients obtained
in this manner from the no-insert data are plotted in Figure 3 as a
function of the vapor quality at the potassium exit of the boiler

tube.

A few of the values obtained with the 2-inch pitch helical insert
are shown in Figure 4, along with the smooth lines representing the
no-insert data from Figure 3., The insert heat transfer coefficlents

are seen to be higher than the no-insert data at high qualities.

Nucleate Bolling Heat Transfer Coefficients. In order to calculate

heat transfer coefficients for the individual regions shown in Sketch
(a), the heat flux in each region must be known. This information is

obtained from the boiler shell thermocouples.
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The average heat flux in the individual regilons (Q/A) is related

to the sodium temperature gradient (Eggi) in each region as illust-

rated by equation (10) following,

W,, C aT
o/m = (—te ) _ta (10)
TD1 dL
The value of %*Na for each region shown in Sketch (a) is taken
dL

equal to the slope of the straight line segment drawn through the

measured boiler shell temperatures for that region.

Many of the no-insert bolling runs obtained in the time period
5/10/63% to 6/28/6% have little or no film or transition boiling
region, For these runs, the overall sodium to potassium temperature
difference and the end of the nucleate bolling region is given by
TNai ™ TKos The overall sodium to potassium température difference
at the beginning of the nucleate boiling region iSITNaB'TKB' The
average overall sodium to potassium temperature difference used in

these calculations is given as follows:

_ T . T T T
M = ("Naj - "Ko) + ("NaB - "KB) (11)
n 2,0

The overall heat transfer coefficient in the nucleate bolling
region is calculated as follows from the nucleate boliing heat flux
(Q/A)pps obtained from Equation (10), and the average nucleate boil-
ing temperature difference ZTﬁb’

Y/

nb (12)

ATy
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Equation (9) is used to calculate the potassium nucleate boiling
coefficient, Unb replacing UOBL The potassium nucleate boiling heat
transfer coefficients obtained in this manner from the no-insert data

are plotted in Figure 5,

Film and Transition Boiling Heat Transfer Coefficients. A pro-

cedure similar to that used for the nucleate boiling heat transfer
coefficients was used to obtain transition or film boiling heat
transfer coefficients for potassium. Those runs showing a relatively
large transition boiling region were selected for calculation. The
overall sodium to potassium temperature difference at the end of the
transition boiling region for these runs is equal to ’I‘Nai - TKo°

Due to the small temperature changes in the transition region, it

was assumed in this initial evaluation that the average sodium to
potassium temperature difference (ZTtb) in the transition region is

equal to T —TKOQ In order to check this assumption, the sodium

Nail
and potasslum temperature changes were determined for several runs

by heat balance and two-phase pressure drop calculatlons respectively.
The error in potassium heat transfer coefficient due to this assumption

was found to be less than 5%.

The overall heat transfer coefficient (Utb) in the transition
region was calculated from ZTtb and the average heat flux (Q/A)tb’
where the average heat flux was determined from equation (10) as

before.

Ygp = i_‘iféf‘.@ (13)

ATtb



Equation (9) was used to obtain potassium transition boiling
heat transfer coefficients, Utb replacing UoB‘ The heat transfer

coefficients obtained by this procedure are plotted in Figure 6,

Discussion, The results presented are very preliminary in

nature, as several questions remain to be resolved, Some of these

are discussed following.

Heat Transfer Area. The heat transfer area utilized in the

calculation of the average bolling heat transfer coefficients
presented in Figure 3 1s based upon the tube length between the
thermal shields at the ends of the boiler, The effective heat
transfer area is larger than that used in the calculations, since
the shields are only partially effective in blocking heat transfer;
A calculation is in progress to provide a correction of this effect,
This effect could change the magnitude of the heat transfer coeffic-
ients markedly, as a 10% increase in the boiler area would decrease

a potassium heat transfer coefficient of 20,000 by 50%.

Sodium Heat Transfer Coefficient‘ The accuracy of the potassium

heat transfer coefficients presented depend upon the accuracy of the
sodium heat transfer coefficient used in the analysis, At present,
the prediction of Lyon (Reference 23) is used, which results in con-
siderable uncertainty in the sodium coefficient, Liquid-liquid runs
have been recently performed in the 300 KW facility in' an attempt to
obtain experimental values for the sodium coefficient, but they have

not yet been fully evaluated.
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Average Boiling Temperature Difference. As discussed earlier,

uncertalnty exists regarding the proper averaging procedure which
should be employed to obtain the average boiling temperature differ-
ence, Analysis of this problem will be conducted. There is little
difference between the logarithmic and arithmetic averages for the

data examined, thus this i1s probably not a serious problem,

Thermal Conductivity of Boiler Tube. The accuracy of the heat

transfer coefficients presented depends also upon the accuracy to
which the boiler tube thermal conductivity i1s known. Inaccuracy
in thermal conductivity values makes the comparison of data obtained
with different boiler tubes difficult, It may prove necessary to

have measurements made of this property.

Conclusions. In spite of the present uncertainty in the magnitude

of the heat transfer coefficients presented, certain trends can be
observed which should not be altered by subsequent refinement of the
data. As can be seen from Figures 3 and 5, both the average boil-
ing heat transfer coefficients and the nucleate boiling coefficients
seem to increase with increasing boiling pressure, In addition, the
helical insert 1s shown by Figure 4 to be effective in extending the
nucleate boiling region to considerably higher qualities than obtained
with the boiler tube without insert. The highest exit quality obtained
without insert is 87%, whereas 100% exit quality was obtained with

insert,
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Test Planning

The test plan followed in current testing is presented 1in
Reference 4. The boiling plan specifies that the heat load to
the boiler, and thus the exlt vapor quality, be varied in several
steps up to the limit of the facility for each of three potassium
flow rates at boiling temperatures of 12OOOF, 1500°F, and 17OOOF.
The planned boiling temperatures have been changed to IMOOOF,

1550°F, and 1700°F in recent testing.

The overall objective of current testing in the 300 KW facility
is to provide knowledge of the pressure losses and heat transfer
coefficients for potassium boiling in straight tubes with and with-
out inserts, as applied to the design of a space system boiller.
Vapor qualities near 100% at the highest bolling temperatures of the
test plan are, therefore, of most interest since these conditions
are nearest the operating conditions of a space boiler. Other
boiling temperatures, vapor qualities and flow rates are investigated,
however, so that the experimental results may be interpreted and

extrapolated, beyond the range of the data,
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Multi-Tube Boiler Design (R. R. QOliver and R. S. Stankiewicz)

Mechanical Design. For this period, the design depicted in

Figure 7 has remalned fixed except for the following:
1) Potassium tube inlet temperature instrumentation

location was altered.

Additional sodium bulk temperature instrumentation

no
~—

was provided.
3) The plate type orifice was replaced by a helical
plug orifice at the potassium tube inlets.
Discussion in regard to the theoretical relocation of instru-

mentation, Items 1 and 2 above, is presented in Reference 5.

A plug type orifice can be used quite advantageously by combining
it with a "wand" arrangement for potassium bulk thermocouples. A
detailed illustration is shown in Figure 8. Thermocouples are posit-
joned appropriately within the plug type orifice. This "wand'" is a
1/4—inch 0D by 0,050-inch thick tube, and is a primary containment
for the 0.060-inch diameter sheathed thermocouples. Secondary con-
tainment is similar to that used at other thermocouple locations. A

three-hole gland Conax fitting terminates the thermocouple sheaths

and provides secondary containment.

In addition to design considerations discussed in Reference 5,

the following items have also been studied:

1) Effect of Thermal Shields to Reduce Thermal Stress. The

thermal shields used in this design are not considered effective
insulators from a heat transfer aspect. However, from a mechanical
standpoint, these shields provide an effective means of reducing

excessive thermal gradients across critical structural members.
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Since stress is a direct function of temperature gradient, a thermal
resistance, 1l.e., thermal shield, will aid significantly in stress
reduction. This thermal resistance reduces heat fluXx, and results

in a decreased gradient across the member of interest.

Based upon simple thermal analysis the potassium inlet header 1is
of concern since 1t separates'18500F sodium from 1QOOOF potassium in
the worst test case. With no thermal shielding and considering film
drops, a temperature gradient of 180°F could occur. An extremely
high thermal stress of 78,000 psi is produced and cyclic fatigue
failure of 50 cycles or less 1s probable. By appropriate shielding
as shown by member M of Figure 7 this temperature gradient will be
reduced to 275OF, This will produce a stress oOn the header of about

45,000 psi, and cycle 1ife will be greater than the 50 cycle design

requirement (Ref. 5) .

With no thermal shielding, the tube to header boss and transition
member will be exposed to a gradient of 280°F. By shielding, this
gradient will be reduced to 1850F and a safe stress amplitude of
about 30,000 psi. Thermal shields are recommended at the boiller

inlet header and tube-to-header joints to insure structural integrity.

2) Variation in Boiler Tube Wall Thickness and Effect on

Stpess Level. The 3/4-inch OD x 0.040-inch wall thickness L-605

tube stock used has a 0.004-inch tolerance in wall thickness-
Mechanically, this variation was investigated originally for col-
lapsing pressure. The wall thickness variation nas an effect on

heat transfer and temperature drop through the tube. Using a
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burn-out criterion of 10 Btu/hr-ftg, specified for design pur-
poses (Ref. 5), the corresponding stress levels generated by the
temperature gradient in the wall were solved for a 0.03%36 and
0,044-1inch wall thickness. Thermal stress levels are proportion-
ately greater for the 0.044-inch wall. Analysis has indicated

that the thicker wall remains within safe stress limits.

3) Over Temperature and Pressurization Effects on the Test

Section. Assuming a control malfunction or other such incident,
a short term operating condition of 2000°F and 150 psi boiler

shell temperature and pressure respectively, were investigated.

The short term yleld strength for L-605 at 2000°F 1ig approxi-
mately 12,000 psi (Ref. 7). As used before in these stress rup-
ture analysls, a deslgn factor of safety of 3 was used. This
allowable deslign stress of 4,000 psi is significantly higher than
the long term 1000 hour 18500F rupture strength of 630 psi. Even
with the 150 psi shell pressure assumption, the greater short
term strength of L-605 at 2000°F more than offsets this over
temperature, pressure condition. For this condition the all crit-
ical member wall thicknesses are at least a factor of two over
designed based on this design stress. Structurally, the design
criteria for the test boiler remains to be 185OOF rupture stress

for 1000 hours.

4) High Temperature, Low Cycle Fatigue Design Consideration.

No simple design criterion exists in determining the resistance of
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metals to cyclic plastic strain when elevated temperatures are
employed. However, a general equation (Ref. 8) relating the
cyclic fatigue behavior from fracture ductility i1s presented in

the following form:
1

N.2 AL = C (14)
a1

where, AE . (Ref. 3) is the plastic strain range and C is a

constant equal to 3 the fracture ductility, E.f*. N (Ref. 7))
ail all

is cycles to failure.

It has been shown, recently, that it is possible under many
conditions to convert equatign (Q4) to a form more adaptable to
elastic stress analysis. Here, the assumption is made that,
despite the fact that the structure in question may uhdergo
some plastic deformation due to thermal effects, elastic stress

analysis techniques can be applied. Coffin (Ref. 8) presents

the following equation for this case:

E C
6 = ——— 4+ 6 (15)
a o Nf§ e -
all
where, 6_ is the elastically computed stress, © (Ref. 7) 1s the

a e

endurance 1limit or fatigue strength at 107 cycles and E (Ref. 7)

is the modulus of elasticity at the corresponding temperature.

*The value used was based on a personal communication from the
Haynes Stellite Company, Mr. Robert Dogus (Haynes Stellite Company )

to Mr. R. Stankiewicz (General Electric Company), May, 1964.




The constant C may also be obtained by the following relationship:

100
¢C = 0.51n 155 5.4, (16)

where R.A. (Ref. 5) is the percent reduction in area at failure.

Critical structural members of the test section were analyzed
using the above relationship. One of the most critical areas is
the tube wall just outside the thermal shields at the potassium
inlet. A maximum tube temperature gradient of 2700F is expected
to exlst in this area. Uslng the most pessimistic values presently
available and solving for Equation (1) in terms of Nfail as esti-
mated, low cycle fatigue failure of 70 cycles was determined. This

is within the design requirements.

Status of Drawings, Procurement and Fabrication. Detail and

assembly drawings, incorporating revised instrumentation, have
been completed. The design has been completed and is awalting
approval. Approximately 95 percent of the raw L-605 material has

been received.



III. 100 KW PROJECT

J. A, Bond

The 100 KW facility 1s a single loop system used to study heat
transfer to boiling alkall metals at temperatures up to 2200°F.
The electrically heated bolling test section is a vertical section
of 3/U-inch schedule 80, Cb-1%Zr pipe. Thermocouples are attached
along the outer wall of the test section at intervals of approxi-
mately 2-inches. A preheater, located upstream of and in series
with the test section, controls the boiler inlet subcooling. The

working fluid is potassium.

Status of Loop and Test Section

Testing during the present reporting period has been according
to the plan presented in Reference 5. Each series of data was taken
at conétant flow and pressure. Three flow rates and five pressure
levels were tested. Tests were run at low flow rates in order to
obtain data at qualities as high as possible within the limits of
the heater capacity. However, system stability prbblems became
more severe as the flow rate was decreased, especially at low pres-
sure. Consequently, only one pressure level was tested at the low-

est flow rate.
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Boiling operation continued throughout April without a ma jor
shutdown. Although the W3%Re - W206%Re thermocouples have a sign-
ificantly lower failure rate than the W - W26%Re couples, periodic

shutdowns are still required to make minor thermocouple repairs.

The loop was shut down on May 1 upon completion of planned test
runs and in preparation for the loop modification. A total of 103
stable boilling points were obtained during the present reporting
period, The loop was operated a total of 423 hours above SOOOF,

increasing the total operating time to 3814 hours.

Status of Data Reduction

A1l data taken during the present reporting period have been
reduced. All potassium liquid data taken to date in 1964 are pre-
sented in Appendix B, Table 3. The tabulated bolling data are pre-
sented in Appendix B, Table 6. The data are presented in siX groups;
three boiling and three liquid. Each set of data is preceded by a
schematic sketch of the test section along with a key which describes
the computer output. Liquid data of Na taken in November of 1062

will be reported in Quarterly Progress Report No. 9.

Status of Data Evaluation

Nucleate Boiling Results. Initial results of the current test

series were presented in Reference 5. Those data were obtalned at
a constant flow rate of approximately 0,07 1b/sec. The nucleate
boiling heat transfer coefficients obtained during the present
reporting period are plotted as a function of quality in Figures

9-A and 9-B, The data of Figure 9-A are for a constant flow rate
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of 0.046 1b/sec and Figure 9-B shows the data obtained at 0.036

1b/sec. The ranges of variables covered in these tests were:

Heat flux, Btu/hr-ft° 38,000 to 158,000
Exit quality, % 5 to 46
Test section exit temperature, op 1665 to 1843

ocity, 1 000 to 85,000

M
n
0
<—|
m
o]

s

Tube diameter (inches) 0.7h2

There was some indlicatlion in the data presented in Reference
5 that h increases wilth increased pressure in the higher pres-
sure range. No such trend with pressure is evident from the

data taken at 0.046 1b/sec (Figure 9-A).

Figures 10-A, 10-B and 10-C are plots of heat transfer coef-
ficient as a function of quality at constant pressure. The
parameter in these plots is flow rate. The data for W = 0.07
1b/sec is from Reference 5. Figure 10-A shows a decrease in h
with increasing flow rate. Figure 10-B, which includes data at
a different pressure level, shows the same flow effect. In
Figure 10-C, however, the effect of flow is not clear. Work is
continuing 1in an attempt to correlate the nucleate boiling

results obtained to date.

Condenser Performance. Potassium vapor generated in the test

section of the 100 KW facility is condensed in a radiation-cooled
condenser which consists of approximately 60 feet of coiled pipe.

Due to heater limitations, the condenser is presently operating



far below its design capacity. Consequently, the vapor 1s con-
densed in the first few coils and the liquld is subcooled in the
remaining coills. The effect of this subcooling is that a large
percentage of the available test section power is required to
raise the liquid temperature to the boiling point and the remain-
ing power goes to vaporize the fluid. This point 1s shown 1in
Figure 11 which consists of data presented in Reference 5. The
ordinate of this plot 1s the fraction of the total power required
to raise the liquid temperature to the boiling point. As can be
seen, a large fraction of the total power input is being used to
heat the subcooled liquid. As the total power input 1s increased,
a larger fraction 1s available to vaporize the fluid. If the con-
denser were operating near 1ts capacity, this fraction would ap-
proach zero and it would be possible to obtain data at higher

quality.
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IV. 50 KW PROJECT

S. G. Sawochka

The 50 KW facility is used to obtain condensing data for alkali
metals. To obtain a wide range of condensing heat flux over a |
range of coolant femperatures, this two-loop system uées a sodium
cooling loop. The test sectlon 1s a vertical, annularhconfig-
uration with potassium condensing inside a thick walléd nickel
tube and sodium coolant flowing in the annulus. Except for the
test section of the facility, the potassium and sodium loops are
constructed of Type 316 SS; therefore, loop operation is limited
to 1600°F. This section, covering the 50 KW operation from April,
1964 through June, 1964 details the maintenance, modification and

operating cycle of the facility.

Status of Loop and Test Section

A General Electric U4-pass conduction type pump was installed
in the 50 KW facility on April 8, 1964. However, only intermit-
tent operation, ylelding no data, was logged during April. Pro-
blems were encountered with both the sodium standpipe and potassium
boiler gas valves, and both valves were cut out and replaced with
new SS 316 bellows seal valves. It was also necessary to cut out

the bellows plug assembly of the 13-inch Hoke vapor throttle valve
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due to erratic operating characteristics with increasing diffic-
ulty of opening. This valve was capped until a new valve can be

obtained.

On April 24 during pump down of the potassium loop prior to
beginning operation, a leak in the test section was diécovered.
The leak was from the inside of the tube to the thermocouple hole
nearest the inner diameter. The design wall thickness separating
this thermocouple hole from the tube 1D was 0.062-inch. However,
at the point of failure a local decrease of this clearance to
approximately 0.03-inch was detected during acceptance check.

This was undoubtedly the cause of failure. Since it was not felt
possible to repair this test section, completion of another test
section on which a brazed seal had been unsuccessfully attempted
was undertaken. Repalr of this test section was successfully com-
pleted by metal arc welding as described in Section VII of this
report. The test section was installed in the facility and instru-

mentation completed by June 1.

Initial attempts to obtain potassium and wall thermocouple
calibrations using high temperature potassium vapor were unsuc-
cessful due to large noise levels that were obtained for the
potassium inlet well thermocouples. The noise level corresponded
to approximately 20°F and thus made continuation of the calibration
runs impossible. The noise level associated with the other test

section thermocouples was approximately 0.30F and as such, was
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acceptable. The distingulshing characteristic of the potassium
inlet well thermocouples was their exceptionally long (42-inch)
length of immersion. It was not possible to substantially lower
the noisé levels of these thermocouples by variation of the con-
nection of the thermocouple or its sheath to ground. ‘For this
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reason a new potassium inlet th a inch
immersion length was constructed and installed in the facility on

June 4, 1964,

Calibration runs were begun again on June 4, 1964 with no
thermocouple nolise problem encountered. Shortly after operation
began, a failure of the General Electric conduction type pump in
the potassium loop occurred. Due to this failure the facility was
shut down to awalt delivery of the G. E. helical induction pump

which was received on June 23.

To eliminate long periods of down time due to test section
failures, and to provide both 5/8-inch ID and 3/8-inch ID test
sections as required by current test plans, four new test sectlons
have been designed and are currently in various stages of manu-
facture. These are:

1) A 5/8-inch ID test piece with five drilled 0.050-inch
diameter thermocouple holes nine inches long at each
end.

2) A 5/8-inch ID slotted test piece which will be sealed

by brazing.
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3) A 3/8-inch ID test piece with five drilled 0.050-inch
diameter thermocouple holes nine inches long at each
end.

4) A 3/8-inch ID slotted test plece which will be sealed

by brazing.

Test sections numbers 1 and 2 (5/8-inch ID) are being manu-
factured concurrently. Number 1, which uses drilled thermocouple
holes, is the preferred design since it should eliminate the majority
of the mechanisms for failure that have been experienced with the
alternate slotted thermocouple hole design (number 2). However,
since preparation of number 1 requires accurate drilling of a num-
ber of long, small diameter holes and 1s an untried design in this
respect, number 2, which is similar in design to previously fabri-
cated test pieces, is being carried along as a back up to number 1.
Test sections 3 and 4 are identical to 1 and 2, respectively, except
for their‘diameter. These are in an earlier stage of'manufacture,
and again the slotted design, number 4, is a back up to the drilled

design, number 3.

The necessary materilal for constructing a new test section shell
has also been obtained. It 1s believed that the drilled version of
the nickel test piece will eliminate the majority of the possible
mechanisms for failure that were inherent in the initial test sec-
tion design. It 1is also believed that the brazed version, although
not as reliable as the drilled version, will be more reliable than
the initial welded test piece. Installation of the new pump and test
section is expected early in July with operation beginning in mid July.
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Status of Data Reduction and Evaluation

Liguid Data. After completion of the reduction and evaluation

of the 1liquid data taken during October, 1963, efforts were dir-
ected towards evaluating the less reliable 1liquid data taken dur-
ing April, July and August of 1963. This re-evaluation was carried
oul with tThe realizatlion that largc thermocouple errors, up to QOOF,
were present during this period as discussed in Reference 2. All

of the data that are belng reported herein have been obtalned with

a 0.625-inch ID, 1.718-inch 0D and 36-inch long Nickel 270 tube.

The liquid data of April, July and August of 1963 encompass the

following range of parameters:

Reynolds number, NRe 20,000 to 92,000
Peclet number, Np, 100 to 401
Prandtl number, NPP 004 to .0049
Temperature, Ty, °p 595 to 805
Potassium Nusselt Number 2.2 to 11.5
Net Power, KW 0.5 to 6.2

The raw data for the 14 liguid runs of April, 1963 have been
reported in Reference 9. The Nusselt and Peclet number results
for these data are presented in Table 2-A of this report. The data
reduction procedure, although similar to that described in Reference
3, was carried out without a computer since substantial portions of
the reduction routine had previsously been completed. As can be seen
from Table 2-A, the Nusselt number results scatter considerably more
fhan those presented and discussed in References 3 and 5. This scat-

ter 1s no doubt due to the large thermocouple errors that were present
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during this series of tests. In fact, for run 5 of Table 2-A,
the indicated sodium or coolant outlet temperature was greater
than the potassium outlet temperature, thus making complete data

reduction for this run impossible.

Since the reduction of the liquid data for the period from
July 28 to August 1, 1963 had not been carried out, the data were
key punched and reduced with a modified version of the current
liquid data reduction program. The results of this reduction are
presented in Table 2-B. As can be seen, the scatter of the Nusselt
number results is great, as it was for the data presented in Table
2-A, evidencing the thermocouple errors present during the test
period. Due to this scatter, no attempt at correlation of these

preliminary results has been made.

Condensing Data. Liguid film Reynolds numbers, inadvertently

omitted from the December condensing data of Reference 3, are pre-
sented in Table 3 with the previously reported values of the con-

densing ratio.

This completes the presentation of the condensing data taken
during December, 1963 (References 3 and 5). The early condensing
data taken during May, 1963 have been reconsidered even though large
thermocouple errors were known to have been present at that time.

The results of this re-evaluation are presented in detail in Appendix
C and summarized in Table 4. The resulting values are shown in
Figure 12 along with the other available potassium condensing data

to allow comparison with previous results.
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The results encompass the followlng range of parameters:

Potassium flow rate, 1bs/sec .00711 to .0085
Sodium flow rate, 1lbs/sec 0.5 to 1.28
Potassium condenser inlet temp., °F 1156 to 1185

Potassium condenser inlet pressure, psia 3.4 to 4.0

Potassium condensing heat transfer

coefficient, Btu/hr-ft< OF 5,400 to 8,900
Condensing heat flux, Btu/hr-rt° 3,15 to 4.04(10")
Quality range, % 57 to 64
;£Zselt condensin n JZ—? 1/3 N

g ratio, ( S ) 0.015 to .025
Film Reynolds number, %I\ 600 to 900
Net Power, KW 6.6 to 7.8

From the above table it can be seen that although the data were
taken at essentially constant temperature, 1156°F to 1185°F, the
condensing ratio results vary by about +25%. This variation in
the results was not unexpected due to the thermocouple errors known
to be present. The results, in the form of Nusselt's condensing
ratio and film Reynolds number, are presented in Figure 12 where
they are compared to the data of December, 1963. The raw data for
this set of runs, in the form of temperature and flow rates, were

presented in Reference 9.

From Figure 12, the May results can be seen to be lower than
predicted by analysis by about the same amount as the December
results. These low values of the condensing ratio and the trend

of the condensgsing heat transfer coefficlent with vapor temperature
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and density as presented in Reference 5, suggest the presence of

a resistance to heat transfer in the vapor phase that has not been
previously considered. From Figure 1%, where the temperature pro-
files through the ligquid film during the condensation of water and
potassium are presented, 1t can easily be understood why thisvtype
of resistance would not have afforded an important heat transfer
resistance during condensation of high Prandtl number fluids and
therefore, would not have been detected. For the case of water
with a condensing heat transfer coefficient of approximately 2500

2 0

Btu/hr-ft F, the temperature drop through the ligquid film adhering

to the wall would be 20°F at a heat flux of 50,000 Btu/hr—ftgq For
the case of potassium, however, the temperature drop through the
£ilm would be approximately 2°F for a predicted heat transfer
coefficient of 25,000 Btu/hr—ft2 OF at the same heat flux. Thus
the percentage temperature drop of interfacial resistance would be

high in potassium but low in water due to the higher thermal con-

ductivity of potassium.

Hypothesizing an interphase resistance between the gas core and
the liguid film with an equivalent heat transfer coefficient of

2 °F would impose an additional 2°F temperature

25,000 Btu/hr-ft
drop between the temperature of the gas core and the wall. For the
case of water this additional drop would change the overall

AT only 10%. The presence of this type of interphase resistance
would undoubtedly have gone unnoticed. However, for the case of
potassium where this additional AT would change the overall vapor
to wall AT by a factor of two, or from 2 to LOF, this additional

resistance can be detected. Since during the condensing process

a condition of non-equilibrium mass transfer 1s known to exist at
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the liquid-vapor interface, it 1s not unexpected that a temperature
difference between the vapor and liquid at the interface also

exlsts, as has been discussed in References 10 and 11.
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V. FACILITIES

J. C. Amos

300 KW Loop

Hot liquid metal flushing operations between 1200°F and 1800°F

conducted at the end of the previous quarter and the beginning of

fhis guarter did not eliminate the partial plugging conditions in

the sodium system. The following inspection, cleaning and mainte-

nance operations were performed, followed by 415 hours of success-

ful test operation with full sodium flow and no indication of

prlugging.
. 1

The diffusion cold trap was removed and the contents
sampled at the top, middle and bottom for metallics.
The method of sampling precluded quantitative analysis
for sodium oxide. However, the appearance of the
material did not indicate that massive amounts of
oxide were present. Analysis indicated minor amounts
(1 - 10%) of Cobalt and Chromium and only traces of

Columbium and Zirconium.

The sodium pump duct was removed, inspected and

appeared clean.
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The sodium stand pipe was removed and the level
sensing device repaired. The gas and evacuation
system to the sodium standpipe was modified to
provide better drainage and minimize plugging in

this area.

The 3.5-inch OD sodium inlet to the test boiller
was opened and the top of the boller tube visually
inspected. No film was observed on the boller tube

at this end.

The sodium inlet to the EM flow meter was cut open
and the flow meter tube inspected. This tube also

appeared clean.

The sodium dump tank was removed, opened and the
gettering material replaced. The tank had a sub-
stantial heel of sodium in the bottom which was
sampled for metallics and was found to have minor
amounts of Columbium (1 - 10%) and only traces of
Zirconium. The Zirconium gettering material was

very brittle. However, analysis indicated a maximum
02 content of 3390 parts per million indicating that
the gettering material should not have been entirely
used up. The dump tank was reinstalled and additional
electrical heaters provided to allow gettering in the

dump tank at higher temperatures.
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7) A fresh charge of sodium was transferred to the
dump tank and hot flushing operations were con-
ducted in conjunction with calibration of the
instrumentation and Wilson plot data runs. A
maximum sodium flow rate of 21 1bs/sec at 1200°F

was attained with no indication of plugging.

Following the above liquid operations, the sodium and potassium
were returned to the dump tanks and hot trapped for approximately
48 hours. The loops were then refilled and bolling data runs init-
iated. After 201 hours of bolling test operation, a pofassium leak
occurred in a %~inch tube 1installed 1n the potassium inlet line to
the boiler. This tube had been installed in August, 1963 as a
thermal pressure transducer. It had not provided satisfactory
pressure measurements and had not been in service since its initial
installation. Both loops were immediately dumped; bowever, some
instrumentation cables and connectors were damaged by a small fire
resulting from the leak. Necessary loop and instrumentation repalrs

were completed in two weeks.

Following this repair, a boller potassium side differential
pressure tranéducer system described in detail in Sectlon VI was
installed and calibrated. Sampling and hot trapping of the sodium
and potassium were performed and loop start up initiated. During
the course of filling the potassium loop, the potassium dump valve

failed to seat properly. Investigation disclosed that the L-605
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valve bellows had failed. The valve was replaced with a 1l-inch
stainless steel Hoke valve. The loop was operating under boiling
conditions to complete the 2-inch pitch helical insert‘test plan
at the end of the quarter. A 5.5-inch pitch helical insert is
available and will be installed in the test boiler upon completion

of planned runs with the presently installed 2-inch pitch insert.

100 KW Loop

On completion of the boililing test runs reported in Section III
the loop was shut down and preparations started for modifications
required to increase the operating range of this facility. Loop

modifications include the following:

1) Addition of a 100-inch long 3/4-inch schedule 80 coiled
pipe preboiler with a tantalum sheet radiant heater

located inside the coll.

2) Installation of a 30-inch long 3/4-inch pipe test
section with a 10-inch long straight inlet section
for flow straightening. The test section heater is
similar to the previous heater and is constructed

of 27 tungsten rods, each 0.040-inches in diameter.

3) 1Installation of new heat shields of an improved
design constructed of five layers of 0.005-inch
thick tantalum sheets with corrugated tantalum

spacers 1/U-inch wide.
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Status

follows:

1)

Installation of a new stainless steel dump tank

and dump valve.

Installation of a new high temperature absolute
pressure transducer up stream of the preboiler

inlet orifice.

Removal of the Cb-12r potassium vapor throttling
valve which had been installed between the test
boiler and the condenser and was found to be

unnecessary.

Installation of new tungsten 3% rhenium vs. tungsten

26% rhenium thermocouples.

Installation of thermocouple wells at the inlet
and exlt of the preboller, and at the inlet and

exit of the test section.

of the modification at the end of June, 1964 is as

Fabrication and installation of the dump tank is

complete.

Fabrication of the preboiler coll, heater, and

heat shields are complete.

Fabrication of tesft section heater and heat shield

is complete.
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4) Machining of all Cb-1Zr loop parts 1s complete.
Work remaining to be done 1is as follows:

1) Welding, inspection, and heat treating of loop

components.

2) 1Installation of the new section of loop in the
vacuum chamber including field welding and heat

treating.
3) Calibration of heat shield losses.

4) Installation of thermocouples and pressure

transducer.
5) Connection of heaters and thermocouples.

6) Loop check out and shake down.

50 KW Loop

The conduction type electromagnetic pump installed in the potas-
sium loop in an effort to obtain condensing data while awaiting the
delivery of the helical induction pump for this application failed
during thermocouple calibration runs. The new helical pump was
received June 2%, 1964 and is currently being installed. Fabrication
of a head tank to minimize the possibility of potassium pump cavit-

ation was completed, and it is currently being installed in the loop.
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A new nickel test sectlon with drilled thermocouple holes is
being fabricated. A back-up slotted test section was also mach-
ined and efforts to braze the thermocouple tubes and spacers in
this tube are underway. It is planned to shake the loop down
with the presently installed brazed test section early in the
next quarter and replace this test section with the new drilled

test section as soon as fabrication 1s complete.



VI. INSTRUMENTATION

W. H. Bennethum

300 KW Loop

A significant emphasils on the acquisition of accurate pressure

drop data across the test boiler secondary fluid (potassium) resulted
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pressure measuring system. This system is designed so that in-place
calibration can be performed during the normal loop operation by
isolating the transducer from the loop and simulating a measured
differential pressure across the transducer by means of inert gas
pressurization., It is degigned to operate at any fixed temper-
ature level between 25OOF and 7500F, Figure 14 is a picture of

the transducer and valve assembly prior to installation into the
environmental chamber, which consists of a standard laboratory type
furnace with an approximately 1 cubic foot interior volume. The
system and its environmental chamber are located within the loop
enclosure approximately 8 feet from the boller, at approximately
the middle level of the boiler. Connection between the valve
assembly shown in Figure 14 and the loop was made with 2-inch OD
type 316 stainless steel tubing to within 18-inches of the loop

connection. The last 18-inches were made of %—inch OD Haynes 25



Alloy tubing welded into the side of the absolute pressure sensor
tap connecting tube, The connecting line from the boiler inlet
will be full of 1liquid under all operating conditions. The con-
necting line to the boller exit is sloped so that a ligquid vapor
interface will occur at a vertical level approximately 2-inches
below the point where the connecting line is welded into the loop
system. Both connecting lines are equipped with trace heaters
and thermocouples to maintain temperatures high enough to avoild

plugging.

The valves shown in Figure 14 make 1t possible to isolate the

differential pressure transducer from the loop system and to apply

zero pressure across the transducer by opening the by-pass valve or

to apply a known differential pressure by keeping the by-pass valve

closed and applying positive argon pressure through the gas cal-
ibration valve. These valves are all of the same type, rated at
1200°F with welded bellows stellite seats and positive plug return
mechanism (no springs). The valves are actuated by extension
handles drilled through the enclosure wall and through the front

door of the furnace.

The differential pressure transducer is of the stressed dia-
phragm type consisting of an Inconel "X" corrugated diaphragm in
an inconel housing, The diaphragm deflection caused by pressure
difference 1is measured by means of a linear variable differentilal

transformer.
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This type of transducer 1s designed to operate continuously at
75OOF, Present plans indicate that the pressure transducer and
valve assembly will be maintained at approximately 500°F thereby

minimizing creep problems normally associated with the transducer.

The external calibration apparatus associated with this measur-
ing system consists of a 0.1% accurate Wallace and Tiernan dial
manometer, an argon pressure supply and the necessary valves to
control gas pressures and to vent the system. Attempts will be

made to keep alkall metal out of the calibration system.

Initial attempts to calibrate the differential pressure measur-
ing system have indlicated a number of problems, most of which were
caused by the electronic network necessary to excite and demodulate
the LVDT signal. There has been an indication of excessive zero
shift and a relatively large degree of scatter in the data. Part
of the problem associated with the electronic circuit is caused by
relatively large carrier leakage into the output signal. Attempts
to reduce this have been partially successful. Further work in
Improving the stability characteristics of the readout system will
be made. The net change in signal level for a 50 psi differential
pressure across the transducer i1s approximately 44 millivolts in

the present configuration.

Attempts to use the two O to 150 psia Taylor gages (at boiler

inlet and exit) to measure pressure drop through the secondary fluid
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boiler tube have been hampered by the relatively large zero shift
and hysteresis indicated during the calibration of these instruments.
Since there is no way to perform calibrations on the Taylor gages
during actual loop operation, pressure data calibration must be
obtained from before and after test measurements. The relatively
large change in these calibrations makes interpretation of the
results difficult. Both of the absolute gages are operated at

fixed temperature levels during calibration and loop operation.

A 6-inch pitch helical insert for the 300 KW boiler was fabri-
cated during the past quarter. This insert is identical to the
2-inch pitch insert except for the thermocouple junction locatlons
and the pitch of the swirl device. A sketch of this insert with
thermocouple locations is shown in Figure 15. Dimension "C",
Figure 15 is the distance from the thermocouple junction to the
reference plane on the underside of the boiler support flange
(reference Plane B of Figure 15). The 2-inch pitch helical insert
of this same basic design has several weeks of high temperature
operating time behind it with no sign of any problem in either

thermocouple performance or structural integrity.

In-place liguid-liquid calibration of the boiler shell thermo-
couples (55 total located in 11 rings of five each) indicated that
all thermocouples were reading significantly low. Attempts to
determine the cause for this condition were not successful. A
subsequent freezing point calibration was conducted on two thermo-
couples made from the same batch of wire (not previously subjected
to high temperature) used to make the boiler shell couples (platinum
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10% rhodium-platinum alloy, alumina insulation, 0.062-inch OD
Haynes No. 25 alloy sheath). The results showed that the deviation
from standard for this unused wire was approximately the same ag
that indicated by the in-loop calibration of the installed wall

thermocouples. This deviation from standard is difficult to explain,

since a previous standard homogeneity test (subjecting the wire to
a sharp gradient of approximately 15000F with an acetylene torch)
had showed no indication of inhomogeneity in the wire across its

length.

Other than the homogeneity test, no preliminary check had been
run on the wire output level prior to installation of the couples
on the test boiler due to the fact that this type of calibration
does not take into consideration the many variables associated
with using the wire on an operating loop. The in-place calibration
run which is always done before test data 1s obtained by operating
the boiler in a ligquid state with very small temperature changes
over its length (i.e., at almost adiabatic conditions) at two flow
rates represents an excellent in-place calibration based on the

inlet and exit well thermocouples as temperature standards.

An attempt was made to define the consistency and drift character-
istics of the thermocouples used on the boiler shell. The data
obtained with the test boiler thermocouples can be used if it can
be proven that the deviation from the standard calibration is repeat-
able for the periods of time these thermocouples were subjected to

temperature during heat transfer tests. A preliminary check of the
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data obtained from an in-loop calibration of the shell thermocouples
done at the end of the test period for the 2-inch pltch insert indi-
cate in comparison with the original in-loop calibration that the
drift of the thermocouples over the test period was small, of the

order of about BOF.

100 KW Loop

Two pressure gages of the slack diaphragm type have been ordered
for the modified loop system. These gages are of the absolute type
with type -316 stainless steel diaphragm housings mounted at the
loop piping system with NaK filled capillary tubing extending from
the diaphragm housing through a high vacuum flange to a bourdon tube
located outside the vacuum chamber enclosure. The gage 1is connected
to the loop by an approximately 8-inch long pipe. Since the fluid
in this connecting pipe will be nearly stagnant and since the gage
itself will be at maximum temperature levels estimated to be less
than SOOOF, no mass transfer problem due to the use of stalnless
steel 1s anticipated. This configuration eliminates a need for
mounting the bourdon spring deflection or force measuring apparatus
inside the vacuum-chamber. It is necessary to weld the capilllary

tube into the vacuum flange before the capillary is filled with Nak.

These pressure gages were chosen because of thelr long term
stability rating. The inaccessibility of the loop system durilng
operation and the difficulties in performing frequent in-place
calibration make good long term stability characteristics of the

pressure gages necessary.
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A liquid level probe of the resistance type ("J" configuration)
was fabricated as part of the modified system dump tank. This type
of probe has the sensitivity of approximately 0.5 millivolts per
inch change in level per ampere of current through the sheath.

It gives a relative indication of level which 1s linear between
any two callbraticn peints. Inltial calibration should be con-
ducted by taking readings at two conditions of known level in

the tank. It is then possible to calculate any other level in
the tank with the output readings from the ligquid level probe.
The probe i designed go that it is not sensitive to temperature
of the tank or fluld so long as there 1is no temperature gradient
across the probe cross section. This ftemperature compensation 1is
achleved by operating the probe in a bridge circult so that pro-
portional resistance changes caused by differences in operating

4 ~— o~ - 4+ S A
temperature compensate each other.

An additional calibration on a spool of tungsten 26% rhenium
wire from the same lot used to instrument the loop during the
January - February, 1964 shutdown was conducted in an argon
atmosphere by making a junction between the new spool wire and
the original wire. The maximum output over the entire temperature
range of calibration (70 %o EQOOOF) was approximately 10 microvolts,
indicating that there is essentlally no difference between the two
spools of wire. This result was expected since both spools were
from the same batch of wire and were made at the same time. How-
ever, this calibration was thought to be necessary due to the

possibility of inhomogenelty along the length of wire.
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50 KW Loop

The test section presently installed in the loop was reinstru-
mented with a new batch of chromel-alumel thermocouples (Inconel
702 sheath, magnesia insulation), All of these couples were run
directly to an ice bath located immediately outside the loop enclos-
ure. Hot junctions were all of the capped grounded type. It was
necessary to relocate the two potassium inlet well thermocouples
due to the high noise level which was a function of pump power
setting. The well was relocated so that its length of immersion
in the liquid metal pipe was reduced from approximately 4O-inches
to 10-inches. This change in length reduced the apparent noise
level from over 100 microvolts to less than 10 microvolts. No

other changes were made in thermocouple locations.
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VII. MATERIALS SUPPORT

W. R. Young

300 KW Loop

Loop Maintenance. The 300 KW loop was reconditioned as des-

cribed 1in Section V of thls report. The Materials and Processes
group supported thls activity by rewelding of loop components and
providing alkall metal monltoring and control. In addition, the
getter materials recovered from the primary (sodium) loop dump
tank were analyzed for oxygen content. A maximum oxygen content
of 3390 parts per million indicated the gettering materials were

not completely saturated.

The failure of an unused thermal pressure sensor was repaired,
using a solld plug to seal the opening. The thermal pressure sen-
sor has been submitted for metallographic examination to determine
the cause of failure. A second fallure occurred in the dump line
valve in the secondary (potassium) loop. This L-605 alloy Vélve
was replaced with a Type 316 stailnless steel valve. It is anti-
clpated that longer bellows life wlll be obtained by substituting
for the L-605 alloy bellows a 316 stainless steel bellow, since the
L-605 bellows 1s subject to embrittlement during operation. The
L-605 alloy bellows 1s currently being removed from the valve and

will be examined metallographically.
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Single Tube Test Section. A second helical insert was fabri-

cated with a 5.5-inch pitch for the next 300 KW test series. The
fabricatiSn was equivalent to that employed with the 2-inch pitch
insert currently being tested (Ref. 5). Seven Inconel 702 sheathed
thermocouples were brazed into an L-605 alloy end cap. The thermo-
couples were then inserted through the 0.25-inch diameter inner

tube of the helix and the end plug welded in place.

Multi-Tube Boiler. The fabrication of a multi-tube boiler util-

izing L-605 alloy requires resolution of two potential problem
areas. Since it is desirable to keep the boiller tube wall thick-
ness to a minimum, the forming characteristics of such tubing must
be determined to aid in design considerations. Also, the most
suitable method for production of the critical tube-to-header welds
must be determined. Since L-605 alloy is known to embrittle due to

aging at service temperatures, the elimination of notch effects in

tube-to-header welds is considered mandatory. The materials support

activity in these two areas 1is described below.

Inspection of a 1.0-inch outside diameter, 0.0MO—iﬁch wall thick-

ness, L-605 alloy tube, which was formed into a coil haVing a 3%.875
inch certerline radius bend, revealed severe rippling of the tube
wall along the inside bend radius. This unaccepfable condition
could be reduced in the O0.75-inch outside diametér tubing to be
used in construction of the multi-tube boiler. However, additional

trial tube forming operations were indicated.




Anvacceptable minimum bend radius for 0.75-inch outside dia-
meter, 0.040-inch wall thickness, L-605 tube was therefore deter-
mined by a subsequent forming trial. Excellent quality was ob-
tained on‘a 90O bend with a 2.5-inch centerline'radius. No defects
were apparent visually. A dimensional and metallographic inspect-
lon will be made to determine the extent and uniformity of wall

reduction.

A study of the literature on tube-to-header welds documented
three potentlal manufacturing processes which eliminate notch
effects in thils type of weld. Briefly, these methods involve
conventional edge welding followed by back-brazing, conventional
forming and edge welding followed by diffusion bonding of a suit-
able intermediate metal between the tube and header, and full
penetration tube-to-tube welding produced with the welding torch
inserted inside the tube to overcome space limitations. In the
latter case, tube projections are machined integrally with the
header to provide equivalent tube thicknesses for subsequent

welding operations.

Although the welding method employed for tube-to-header joints
cannot be selected until evaluation of trial Jjoints has been under-
taken, the welding method employing full penetration tube-to-tube
Joints appears most promising. In addition to elimination of notch
effects without post-weld operations, the method also allows full

radiographlc inspection, an important attribute for alkali metal
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containment. Vendor contacts have indicated the feasibility of

this process.

Evaluation of Mo-0.5Ti Alloy Tube. The results of previous

investigations on the 1.l12-inch outside diameter x 0.915-1inch
inside diameter x 6-foot long Mo-0.5Ti alloy boiler tube were
reported in the last quarterly report (Ref. 5). The inside of

the tube was exposed to boiling potassium and the outside to
sodium in the heater circuit of the L-605 system for 25 hours at
185000 and 100 hours at temperatures in excess of IBOOOF since

the last inspection, Metallic mass transfer layers, approximately
0.5 mil in thickness, on the surface of the sodium side of the
boiler tube were analyzed spectrographically and found to contain

10-100% Co and 1-10% Cr, Ni and Fe.

In order to obtain the concentration gradients in the deposited
layers, a metallographic specimen was submitted to the Nuclear
Materials and Propulsion Operation, General Electric, for electron
beam microprobe analysis. Figure 16 shows two metallographic
views of the surface layers. The region shown in Figure 16(b) was
the area across which the electron beam traverse was made. The
actual thickness (0.5 mil) of the surface layers 1s shown 1n
Figure 16(a). The concentration gradients across the four dis-
tinct surface layers are given in Figure 17. The profile scans

are semi-quantitative due to absorption and fluorescence effects;
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however, it may be noted that Cr and Ni are the principle alloying
constituents in the surface layers. The nominal composition of
L-605 alloy (50C0-20Cr-15W-10Ni-3Fe) and the composition of the
surface layers given in Figure 17 indicate that Cr and Ni are
either preferentially leached from the L-605 of that they prefer-
entially alloy with the Mo-0.5Ti tube. The brittle nature of the
mass transfer layers is illustrated by the cracks shown in Figure
16, and spalling of layers of this type in a system subjected to

a number of thermal or mechanical shocks could contribute to

plugging of test systems.

100 KW Loop

The modification of the 100 KW loop for increased power input
1s proceeding. A new boiler and flow meter section is being fab-
ricated that will extend from the EM pump outlet to the top of
the condenser. The welded design was finalized and all the parts
were machined for assembly. Welding of the components 1n the
vacuum purge weldling chamber was initiated. The entire section
will be welded in the chamber and joined to the loop using two

field welds.

A new stainless steel dump tank of large capacity and its
associatedivalving was fabricated. A bimetallic brazed joint of
Cb-1Zr to Type 316 stainless steel pipe was prepared and field
welded to the 3/4-inch schedule 80 Cb-1Zr pipe dump line. The

new dump tank was then installed in place.
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50 KW Loop

The nickel test section which was used to obtain the 1963 con-
densing data, failed by penetration of potassium into a thermocouple
well on April 24, 1964 during pump down of the potassium loop prior
to beginning operation. This test plece was sectioned for metallo-
graphic evaluation. Preliminary results indicate that erosion of
the nickel occurred at the thermocouple hole nearest the inner
diameter. The nickel wall separating the thermocouple hole from
the tube 1inside diameter was eroded along approximately a 0.5-inch
length starting 0.375-inch below the brazed Jjolnt on the potassium
inlet (top) of the test section. Further evaluation of this failure

is 1n progress.

An attempt to repair the other nickel test section was successful.
Since brazing did not provide a satisfactory seal, the thermocouple
grooves were re-slotted and sealed by welding. This test section
was assembled and installed in the 50 KW facility following accepted

welding procedures and is ready for test.

Four back-up test sectlons have also been ordered, two having
a 5/8-inch inside diameter and two having a 3/8-inch inside ‘dia-
meter. One test section of each size is being processed with
drilled 0.050-inch diameter thermocouple wells and will require
only the brazed joints between the test section and loop pilping
to complete the fabrication. The 5/8-inch inside diameter test

section is scheduled for delivery early in the next report period.




The other two test sections will be fabricated, using a braz-
ing abproach simllar to that employed previously. It i1s anti-
cipated that the availability of a new vacuum furnace at the
Evendale plant will eliminate the cleanliness problems encountered
during previous brazing operations. Both test sectlons have been
received. The 5/8-inch inside diameter test section was assembled
and the brazing alloy applied. Results on the vacuum brazing of

this test section will be available during the next report period.

Alkali Metdl Technology

A spectographic analysgsis on a residue from a section of L-605
pipe from the 300 KW priﬁary 1obp pump inlet, submitted for analysis
on March 16, 1964, i.e., prior to loop conditioning, indicated that
the ma jor constituents were sodium and columbium, and that the

uents were cobalt, nickel and chromium. A method for

removing such residues is belng investigated.

Initial examination indicated that the residue Was only partially
soluble inihydrochloric or nitric acid. It was suspected that the
residue was a sodium columbate. It is known that a potassium colum-
bate, 4K20-30b205-16H20, is soluble in water, whereas a similar
water soluble sodium columbate is not known. An attempt to convert
the sodium compound to the potassium compound was, therefore, in
order. Consequently, aqueous potassium hydroxide was tried as a

solvent and also in combination with other ions that form soluble

complexes with.columbium.
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A hot, 20%, aqueous, potassium hydroxide solution dissolved
the material with only a small, dark residue (probably oxidesg of
chromium, nickel and cobalt) remaining. A hot solution of potas-
sium hydroxide with oxalate added also dissolved the main part of
the fesidue, but somewhat more rapidly. In contrast, additions
of potassium fluoride, potassium tartrate, potaséium citrate or
the disodium salt of ethylenediamine tetra-acetic acid to potas-

sium hydroxide solution did not help to dissolve the residue.

Hot solutions of potassium hydroxide, with or without oxalate,
do not attack L-605. They can be removed by rinsing with water,

then with dilute hydrochloric acid, and finally again with water.
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VIII. ANALYSIS

G. L. Converse

The Prediction of Two-Phase Friction Pressure Drop for Potassium

The literature of two-phase flow is replete with -both theoret-

ical and seml-empirical methods of predicting the frictional com-
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to provide a summary of the various methods or to attempt an
assessment of their relative merits. What has been done is to
select, from the many available methods, two for further consid-

eration. The first method selected is one due largely to the work
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of R, C, Martinelli ef. 5). I
because of its wide spread use. The second method selected will
be referred to as the homogeneous method since it utilizes a

quality weighted mixture viscosity and density.* This method was

selected because of its inherent simplicity.

The above two methods will serve as preliminary standards with
which to compare the experimental determined pressure drops. As
more precilse experimental data become available, it may be necessary
to consider other prediction schemes and/or modifications to the

above methods.

*See for example, "Iwo-Phase Pressure Drops," H. S. Isbin, R. H.
Moen, D. R. Mosher, AECU-2994, November, 1954,
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The Method of Martinellli. A preliminary estimate of the pres-

sure gradient due to friction in two-phase potassium flow can be
obtained by extending the method of Martinelli. This method re-
lates the two-phase frictional pressure gradient to that for the
all liquid flow. The resulting curves for the flow of a steam-
water mixture in a smooth pipe where the flow regime 1s of the
turbulent-turbulent type* are given in Reference 14, These curves
(Ref. 14) were used to determine the local two-phase frictional
pressure gradient for potassium. The predicted yalues for potas-

sium are shown in Figure 18.

The curves of Figure 18 were then numerically integrated for
the particular case of a linear variation of quality with length
to obtain the overall ratio of two-phase pressure drop to all-

liguid pressure drop for a heated duct. The resulting curves are

shown in Figure 19.

The Homogeneous Method. The homogeneous method chosen utilizes

a quality weighted mixture density and viscosity to obtain two-

phase pressure drop, i.e.,

1 1-x X .
Ph Pe Pg ()
1 1-x X
L lx o, o x (2)
U«h Mo U'g

*¥A detailed discussion of the various flow regimes 1is given in

Reference 15.
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The two-phase pressure drop is calculated from the usual
Fanning or Darcy-Weilsbach single phase equation. For turbulent
flow in a hydraulically smooth pipe (f = o/(NRe)n) the resulting

expression for the pressure gradient ratio is:

dP/dLypp _ (1-x) + x pf/pg
dP/dLg [(1-%) + x e/

The calculated values of Equation 3 (for turbulent flow with
n = 1/4) are compared with those obtained by the Martinelll method
in Figure 18. Although the trend and order of magnitude of the
pressure gradient ratioc predictcd by The Lwo methods are the same;
the values predicted by the homogeneous method fall consistently

below those obtained by the Martinelli method.

Equation 3 was integrated for the case of a linear variation of
quality with length in order to obtain the overall ratio of two-
phase pressure drop to all-ligquid pressure drop for a heated duct.

The resulting curves are shown in Figure 20.

Comparison of Predicted and Measured Values

The pressure drop data currently available from the several
loops in operation at the Space Power and Propulsion Section of
The General Electric Company must be regarded as tentative. The
two loops which have provided pressure drop data are the 50 KW
loop and the 300 KW loop. Some of the data from these loops is

discussed below.
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50 KW Loop. In the 50 KW loop, potassium vapor at essentially

100% quality enter a vertical once through condenser and departs
a zero quality. The information available is the temperature at
inlet and exit. The inlet thermocouple is located at about 16
L/D upstream of the condensing section and the exit thermocouple
is located about the same distance downstream of the condensing
section. The pressure drop data (the inlet and exit pressures
are assumed to be the saturation pressures corresponding to the
measured temperatures) for the 50 KW loop was presented in Refer-
ence 5 (Figure 24) in the form of a plot of pressure drop vs.
G2/2gcpg. These values can be used to determine the ratio of the
overall two-phase friction pressure drop to the all-liquid press-
ure drop by making suitable corrections for the momentum and
elevation components of the two-phase pressure drop. The results
of this calculation are shown in Figure 21. The data encompass

the following range of variables:

Inlet Reynolds number ( 100% quality) 6,715 to 5,824

Exit Reynolds number (all liquid) 807 to  T4T
Inlet pressure (psia) 3.7 to 6.4
Inlet temperature (°F) 1,169 to 1,258
Quality at which the vapor Reynolds
number is equal to 2000 28% to 3U.3%
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The Martinelli flow regime 1s of the laminar liquid-turbulent
vapor type to about 30% quality, below which the flow passes
through a transition region finally becoming fully laminar (laminar
liquid-laminar vapor) at about 15% quality. The integrated
Martinelli multipliers shown in Figure 19 are for a turbulent
liquid-turbulent vapor regime and, as shown in Figure 21, are
somewhat higher than the experimental values. This was to be
expected since the multipliers for the liquid turbulent-vapor
turbulent regime are higher than those for the other flow reglmes
(Ref. 15). Also shown in Figure 21 are the integrated homogeneous
multipliers for both laminar and turbulent flow. Since the homo-
geneous Reynolds number varies from about 6,000 at inlet to 800
at exlt, the data fall in the transition region between laminar

and turbulent flow.

200 KW Loop. In Reference 9 the two-phase pressure drop in

N

an Aac

labatic section was correlated against the single phase

vapor pressure drop by an equation of the form,

APppp
AP
g

= 3.0 (4)

The data appeared to correlate reasonably well over the

following range of variables:

Flow Rate, 1b/sec. 0.06 to 0.25
Quality, % : 10 to 87
Temperature, °R 1960 to 2235
Pressure (psia) 25 to 80
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If it is assumed that Equation 4 holds on a local basils, then
the local pressure gradient ratio based on all liquid flow can be

obtained as follows:

f p.V 2
) - 3 |4 & LB (5)
TPF &¢
dap
_') _ 2-n n
d? P - o X Pr [ Hg (6)
d ) P 90
dL 0
where,
9—-n
f - NRe

For n = 1/4 (hydraulically smooth pipe in turbulent flow) the
values predicted by Equation 6 can be compared directly with those
obtained from the Martinelli method. This comparison is shown in
Figure 22 for an average pressure of 45 psia. It can be seen that
the experimental values fall below the prediction at low qualities
and above. the prediction at high qualities. Also shown in Figure
22 are some recent results for steam-water mixtures obtained by
Janssen (Ref. 16). The similarity between the water and potassium

results is striking.
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IX. POOL BOILING HEAT TRANSFER INVESTIGATION

C. F. Bonilla

Information on pool boiling can be of considerable value in
advancing the basic understanding of boiling heat transfer. This
program includes the determination of both the heat transfer coef-
ficients and the critical heat f£flux for potacsium in pool WULLlig .
The program is being carried out at Columbia University. A schem-

atic of the pool boiling apparatus is shown in Figure 23.

Status of the Test Facility

During final assembly of the pool boiling apparatus, evidences
of the existence of a leak in the heater chamber became apparent.
Difficulty in locating the source of the leak made it necessary to
carry out the heat loss determinations, reported in Reference 5,

with a slight positive pressure of argon in the heater chamber.

A more thorough investigation localized the leak source at or
near two 0.187-inch diameter tantalum rods used to carry power to
the sprayed molybdenum heater. Subsequent examination of these
tantalum rods revealed a Y-shaped defect in the center of both

bars and apparently extending the full length of the bars.
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A metallographic examination of a cross-sectlonal sample of
each tantalum bar showed a typical center-burst crack (Figure 24).
This type of defect can occur when improper conversion techniques

are employed in producing the mill product (i.e., tantalum bars).

The defective tantalum rods were cut off Jjust inside of the
bellows seal and copper rods were Joilned to the remaining Ta stubs.
The apparatus now shows a very low leak rate and will be put into

full operation within the next few weeks.

Test Conducted During the Current Quarterly Period

The effort during the current quarterly period was directed
primarily toward the determination of the overall heat losses for

the pool boiler. Maximum boiling heat flux sought with the present

eguipment is 500,000 Btu/hr—ftg. Heat losses as reported previously

(Reference 5) were as high as 25,000 Btu/hr-ftg, when based on the

boiling area, or 5% of maximum boiling heat flux. At lower boiling
heat fluxes, the percentage loss would be greater, thus lncreasing
the possibility of a yet larger percent error in the bolling heat
flux. 1In order to minimize the heat losses and increase the accur-
acy of the bolling data, two more layers of insulation have been
added to the apparatus. Thermocouples have also been attached to
the apparatus below the heater plate. Consequently, heat loss

below the heater plate can also be calculated from Equation (1);
Ik, AT
(a/B)pory = (0/B) 100t | = 2Spottom

kavAT AS
X total

as well as previously reported (Equation 2 of Reference 5), where

(1)

pX
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each AS is a portion of the thermally insulated outer surface having
a thickness (or number of 1ayers) of thermal insulation equal to X

and a temperature differential of AT; ka is the average thermal

g
conductivity of the imulation over the average temperature range

of AS.

a 10N

MNa 4+ Trra Jaan 4+
La va 1 9]

Va 1

The raw data on potassium pool boiling from a horizontal nickel
plate in the first apparatus were presented in Reference 17. Final
values, corrected for heat losses and heat conduction up the walls

of the boiling chamber, were presented in Reference 18.

The data presented in References 17 and 18 showed a large effect
of bolling pressure, which was not studied further at that time. In
Reference 19 a discussion 1s presented which shows that this order
of magnitude of the effect would be expected, from the results of
other investigations (Ref. 19). In addition, it was shown by an
approximate analysis that AT at a constant g/A varied roughly as the
-0.3 power of absolute pressure, in agreement with the exponent of
-0.3 previously reported for mercury in the same geometry (Ref. 20).
The following equation was obtained by passing straight parallel

lines through the points in two pressure groups, merely by eye:

AT = 41.5 (q/a)0-115 p-0.293 (2)

Tn this equation AT is in °F, q/A in Btu/hr-ft°, and P in milli-

meters of mercury absolute (torrs), was taken roughly as 1200 and 5

mm for the two groups.
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Subsequently, the final data of the University of Michigan pro-
ject have become available on a limited basis (Ref. 21). Their
results were obtained with a horizontal cylinder, and showed a
great deal of spread, in part due to a consistent variation, or
hysteresis, between points obtained with successlively increasing
heat flux and those obtained with decreasing heat flux. It may be
mentioned that similar results were obtained in the boliling of
helium by Reeber (Ref. 22), and reasonably explained as due to the
superheat hysteresis required to initiate a train of bubbles at a
previously unused nucleus, compared to a lesser superheat to con-

finue the bubbling from a used nucleus as the heat flux 1s decreased.

In any case, i1t was declded to carry out a more complete least
squares analysis of the previous experimental data, and fit them
with a curve including pressure of each point, rather than consid-
ering the points in two groups at an average pressure for each,
as previously done. Point No. A.1 (Ref. 18), which clearly seems to
be natural convection or incomplete boiling and B.1l at the lowest
heat flux and possibly not boiling, were eliminated. The calculation
was done at the Columbia University Computing Center on the 7094 IBM
Computer, and was a multiple linear correlation of log AT against
log q/A and log P. For the twenty-six points indicated above (Ref.

18), the following equation was obtained:

AT - 49.8 ( )0.0867 P—Oo276 (3)

IO
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The standard error of the estimate of the natural log of AT is
0.1465, corresponding to a standard error of i15%. The standard
error of the exponent of P was 0.01378, and of the exponent of q/A

was 0.0576.

Evidently there is good internal agreement in the data of Refer-
ence 18 as to the effect of pressure on pool boiling heat transfer
coefficients, and additionally good agreement with the previous
available results from mercury, obtained also at a horizontal
plate (Ref. 19). The data of Reference 18 are listed in chrono-

logical order, and 1t can be seen that they are continually increas-

ne 1in heat fluy durine riinme at a2 odiven poanctant Nmroacaoiira hoe vriing
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(A3, 5, and 7) in which the pressure was increased at constant

power (Ref. 18), may very well be comparable to runs at increasing
power, since the appllication of pressure instantaneously decreases
the boiling rate, which later increases as the new steady condition
is approached. Thus, the present runs on potassium may be considered
to be entirely of the increasing flux category. However, the mercury
boiling runs (Ref. 19) were equally at increasing and decreasing
fluxes, and showed excellent agreement among the two modes of
operation¥*. Accordlngly, it seems likely that in boiling on a
horizontal plate there 1s no appreciable effect of increasing

versus decreasing heat flux as contrasted with horizontal cylinder

or vertical plate results.

*Stalder, A., personal communication.
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It would seem likely that boiling in a vertical tube, as in
most current industrial boiling loops, would show substantial effect
of increasing versus decreasing heat flux, and also increasing or
decreasing level of initial boiling. However, this would not neces-
sarily be similar to the effect obtained with a horizontal cylinder,
due to its change in angle from bottom to top around the periphery.
In the high-flux apparatus shown in Figure 23 and now being readied
for operation, the effect of heat flux history will be investigated
by operating with both increasing and decreasing heat flux, as well
as heat fluxes which are being changed in a random fashion. In addit-
ion, operation will be carried out with the boiling plate at varilous
angles to the horizontal, as can be obtained, in order to determine
whether the increasing versus decreasing flux mode shows any differ-
ence, and whether this can be extrapolated to vertical walls. Thé
technique of a liquid metal thermocouple, giving a good average
temperature over the boiling surface, which is to be used in the
high flux pool boiling apparatus, would seem to be advantageous to
determine the effect of increasing versus decreasing flux, and will

be used.
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